Non-sulfide zinc deposits (zinc "oxide" deposits) are becoming favored exploration targets due to new developments in metallurgy allowing for solvent-extraction and electrowinning. While geologic understanding of the genesis of these types of deposits is improving, there has been little work aimed at documenting their geophysical responses. We therefore investigate the geophysical signature of two major hypogene non-sulfide deposits, Vazante in Brazil and Beltana in Australia. Physical property values were measured for each deposit site and combined with geologic information to generate two-and three-dimensional models for geophysical modeling. Results indicate that gravity method will be valuable at both deposit sites for direct detection of either ore and/or the alteration halo associated with mineralization. Simulated magnetic data indicate that the responses will not be large enough at either site to warrant magnetic method in exploration for willemite. Electrical method simulations vary for the two deposit sites. At Vazante, neither DC resistivity or induced polarization (IP) will generate a detectable response based on physical property values; while at Beltana, simulated data and inversion results indicate that both techniques will be valuable as an exploration tool. It is clear based on these simulations that geophysics can be effectively used to explore for nonsulfide zinc deposits either through direct detection of ore bodies or through imaging of associated hydrothermal alteration.
Introduction
Due to recent technological advances in developing solvent-extraction and electro-winning processes for treatment of zinc oxide and silicate ores, non-sulfide zinc deposits are becoming an important focus for exploration (Large, 2001; Hitzman et al., 2003) . The geophysical responses of these deposits are poorly known.
We present the results of investigations of the physical properties of samples from two major non-sulfide zinc deposits (Vazante, Brazil and Beltana, Australia) , along with predicted geophysical responses for gravity, magnetic, DC resistivity, and IP methods. This research consists of three primary components. The first is generation of physical property models of the deposits by combining geologic sections at the two sites with measured rock properties. The second component is the simulation of geophysical responses from gravity, magnetic, DC resistivity and induced polarization methods based on the physical property models. The final component is the interpretation of the simulated geophysical data by conventional processing techniques and geophysical inversion.
Vazante deposit in Brazil
The Vazante willemite deposit is located in the Brasiliano (late Precambrian) fold-and-thrust belt on the western margin of the Sao Francisco craton in Brazil. The zinc silicate deposit is estimated to contain 28.5 million tonnes at 18% Zn (Hitzman et al., 2003) .
Geology
The Vazante deposit is hosted by unmetamorphosed sedimentary rocks of the Bambui Group (Madalosso, 1979) . The willemite bodies occur within the over 1 km thick Vazante Formation which consists of thinto thick-bedded dolomite. The deposit occurs within a northeast trending, 40-to 70-meter-wide fault zone (Hitzman et al., 2003) . The fault zone has a sharp lower contact and a complexly broken and brecciated hanging wall, with overall offset across the fault zone indicating normal movement. Willemite occurs in a series of centimeter-to+5-meter-wide veins within the fault zone. The mineralized portion of the fault zone extends more than 5 kilometers along strike and is known from drilling to have a vertical extent in excess of 500 meters. Veins contain willemite (Zn 2 SiO 4 ), hematite, quartz, and sphalerite, with trace amounts of galena, apatite, and barite. Willemite and sphalerite appear to have co-precipitated. The Vazante fault zone displays pervasive hydrothermal alteration consisting of ferroan dolomite, quartz, and hematite replacement of host rock dolostones. Hydrothermal ferroan dolomitization extends as far as 300 meters from the veins in the hanging wall of the fault but is restricted to within 25 meters of the footwall of the fault zone.
Physical properties Four rock samples, representing host dolomite, hydrothermal ferroan dolomite (2 samples), and willemite ore, were selected as representative of the major geologic units in and around the Vazante willemite deposit. Results of laboratory measurements are presented in Table  1 for the four rock samples. Repeat measurements indicate that the Vazante samples are too resistive to retrieve reliable conductivity and chargeability values. 
Geophysical models
The physical property model for Vazante ( 
DC resistivity and induced polarization (IP) methods
Results of physical property measurements for resistivity and chargeability indicate that the samples are too resistive to be tested electrically with currently available equipment. This result precludes DC resistivity and IP methods as exploration tools at Vazante, or at least as a means of generating synthetic data to test the techniques.
Gravity method Gravity data for Vazante are calculated at 301 stations over a 1,500 m long profile, with station spacing of 5 meters (Figure 2(b) ). The dominant feature in the data is a broad anomaly, approximately 0.23 mGal in amplitude, associated with hydrothermal ferroan dolomitization. The other feature is a small-scale anomaly at 280 meters easting associated with an outcropping of a small, near surface ore body. However, the smaller anomaly, at an approximate 0.1 mGal with poor areal extent, is arguably detectable in the presence of noise. The deeper, primary ore lenses do not generate a detectable response in surface gravity data. As a result of these simulations, detection of the alteration zone should be the primary target of gravity method at Vazante. 
Beltana deposit in Australia
The Beltana deposit, estimated at 0.86 Mt of 38% Zn (Groves et al., 2003) , is located in the northern Flinders Ranges of Southern Australia.
Geology Mineralization at Beltana occurs within marine shelf-carbonate lithologies of Lower Cambrian age (Groves et al., 2003) . The deposit is structurally controlled, and is associated with low-angle, NW-verging thrust structures with a quartzite hangingwall overlain by siltstone, shale, and dolomite of the Callana Beds. The mineralized zone at Beltana is within Cambrian limestones and dolostones and is surrounded by a zone of hydrothermal dolomitization. This hydrothermal dolomite is medium-to coarse-grained and has a distinctive red color due to fine-grained hematite intergrown with the dolomite. Hydrothermal dolomitization appears to have preceded willemite mineralization (Groves et al., 2003) . Geophysical models Perilya Ltd., who control the Beltana deposit, provided twenty-three 2D geologic sections trending northwest to southeast across the deposit. The sections were discretized and combined into a 3D model representing the Beltana deposit site (Figure 3(a) ). There are a total of 152,626 cells (5m x 5m x 5m) in the 3D Beltana model, and the ore bodies are confined to the upper 80 meters of the model in depth and have a lateral extend of no more than 100 meters. A sample of the 2D sections is illustrated in Figure 3 Magnetic method Similar to results from Vazante, magnetic susceptibility values measured for rock samples from Beltana are low and the deposit does not produce a strong magnetic response on the surface. The alteration halo produces a magnetic response of approximately 2-3 nT, arguably detectable in a magnetic exploration survey.
Physical properties

DC resistivity and IP methods
Electrical data are generated using the dipole-dipole array with various electrode 'a'-spacings.
The survey designs are implemented to study the most appropriate array for imaging Beltana willemite and/or alteration zone. Two traditional dipole-dipole surveys are performed with 'a'-spacings of 25m, and 75m. Larger arrays were also studied but produced poor results for the Beltana model. A third survey, hybrid dipole-dipole with 75m 'a'-spacing and movements in 25m increments, is likewise performed to capture the benefits of small and large electrode arrays, while maintaining higher resolution. The section of Beltana studied for DC resistivity and IP is 25775 ( Figure  3(b) ). Apparent resistivity data, generated above section 25775, range from tens of ohm-meters to thousands of ohm-meters for each survey design, within detection limits of the DC resistivity method.
Likewise, apparent chargeability data indicate a possible IP target with a data range greater than 30 msec. The goal therefore is to determine which survey design will best capture information about the deposit geometry and/or altered ferroan dolomite. For this, we inverted the data to understand the effects of array geometry. The program DCIP2D is used to generate data and inversion results (Oldenburg and Li, 1994) . DC resistivity and IP inversion results for the three survey designs are presented in Figure  4 . The first column represents DC resistivity inversion results for the three arrays and the second column represents IP inversion results. Each array successfully locates the alteration zone around mineralization through DC resistivity. The 25m traditional dipole-dipole array also provides clear information about willemite ore with IP method. The hybrid dipole-dipole array, however, best images the three main ore bodies in section 25775 for IP method, as well as delineates the zone of alteration through DC resistivity method. Results of electrical studies for Beltana therefore indicate that a survey with electrode spacing no greater than 75 meters, the approximate lower depth of mineralization, would prove valuable for willemite exploration at Beltana.
Gravity method
Modeled gravity data ( Figure 5(a) ) indicate that the zone of hydrothermal dolomitization, trending north-south through the center of the data grid, produces a detectable gravity anomaly greater than 1.0 mGals. In contrast to the Vazante deposit, the shallow depths of the ore bodies at Beltana, combined with the large density contrast between ore and ferroan dolomite, a) b) also generate noticeable gravity anomalies for willemite of approximately 0.3 -0.7 mGals above that of the alteration zone. Gravity method should therefore prove valuable for detection of both alteration and mineralization at Beltana. As with the Vazante deposit results, the primary target for gravity method at Beltana should be identification of the alteration zone associated with mineralization, and direct detection of willemite the secondary target. 
Discussion
Hypogene willemite deposits (Hitzman et al., 2003) represent a new exploration target. Based on our studies, three geophysical techniques may prove valuable for exploration of these deposit types: gravity, DC resistivity, and IP methods. The gravity method, based on results from both test sites, indicates detectability of ferroan/hydrothermal-dolomitization along the fault zones. Since this style of alteration appears to be common in hypogene willemite deposits (Hitzman et al., 2003) , this may be critical in future exploration for deposits of this type. However, direct detection of willemite with gravity will depend on geometry, depth and depth extent of the ore bodies at a site. DC resistivity and IP methods may prove valuable in exploration for willemite at specific sites. For Beltana, simulated data and inverse models predict detection of ferroan/hydrothermal-dolomitization around mineralization as well as direct detection of ore with IP method. These results, however, are highly dependent on survey design (electrode spacing and movement). Thus, it is necessary to have a well defined geological model of an area prior to undertaking geophysical exploration. Because electrical property values could not be determined for the Vazante rock samples, however, further studies should be undertaken to accurately predict the overall utility of electrical methods in willemite exploration.
